Abstract: This paper proposes a cost-benefit framework to address the role of parcel and neighborhood conditions, as well as government policies, and investigates the spatial determinants of urban land expansion in Nanjing, one of the sub-centers of the Yangtze River Delta (YRD). Using spatial regression models, we find the significance of the economy of scale, agglomeration, accessibility, and government policies in Nanjing's urban growth. In the earlier stage, urban expansion in Nanjing was mainly driven by the development of infrastructure. Since entering the 21st century, the emerging commercial and industrial sub-centers have become the major centers of growth, which has changed Nanjing's spatial structure from compact monocentric to a polycentric one. We also highlight the importance of government policies that have been strengthened by various national strategies, including the "New-type Urbanization" and "Beautiful China" strategies. Different from cities in the Pearl River Delta, Nanjing has a more significant top-down process in its development, which indicates that the municipal government of Nanjing is playing a more important role in urban growth.
Introduction
Since the 1980s, China has experienced unprecedented urbanization [1] . From 1978 to 2015, the level of urbanization increased from 17.9% to 56.1%, and could reach 68% in the next two decades [2] [3] [4] .
In order to cope with the serious social and economic problems induced by urban expansion, the Chinese government has executed the historically strictest policies of farmland protection and intensive land use to constrain fast growing farmland conversion, by introducing the so-called quota system for both the farmland conversion and construction [5] . Corresponding to the strict land resource management, scholars have carried out research on patterns, consequences, and mechanisms of urban growth and urban land expansion in China from two different perspectives [4] . One group focuses on the trajectories, mechanisms, and consequences of urban land expansion from institutional and political economy perspectives [6] [7] [8] [9] . The other is more concerned with the patterns and effects from the neoclassical perspective and geographic information system (GIS) and remote sensing [10] [11] [12] .
These studies have not only built a solid foundation for understanding patterns and driving forces of urban land expansion in China, but have also provided a strong scientific basis for making decisions in the management of land resources and urbanization nationally. However, macro policies need to be downscaled and implemented at micro geographical scales [13] . For instance, although the quota of farmland protection has been assigned by provincial governments, local governments still need to find places suitable for agriculture and protection [14] . It is important for scientific and authoritative planning to choose appropriate sites for growth and protection according to urban development realities [15] . Thus how well macro policies of spatial control are implemented highly depends on the knowledge of driving mechanisms of urban land use at a more micro spatial scale.
Because of scale dependence for most geographical phenomena, a significant mismatch between macro policies and micro realities have arisen in China [16, 17] . Researchers have documented the underlying mechanisms of urban expansion and classified underlying factors into natural and socio-economic ones [7] . However, micro scale studies are relatively weak [11, 12] . More efforts are still needed to detect the micro factors of urban land expansion in China. In this article, we therefore investigate the mechanisms of urban land expansion in Nanjing during three different periods of 1995-2001, 2001-2007, and 2007-2013 at the parcel level.
Study Area and Methodology

The Study Area
As a sub-center of the Yangtze River Delta that is China's largest globalizing city region, Nanjing exemplifies the rapidly growing coastal cities of China, as well as the important portals driving the development of inland provinces [18, 19] . The gross domestic product (GDP) and population of the Nanjing municipality increased from RMB 102.1 billion yuan and 5.44 million in 2000 to RMB 882.1 billion yuan and 8.22 million in 2014, respectively.
In terms of the urban spatial development, Nanjing's City Master Plan (1991-2010) received official approval from the State Council in 1995. However, only six years later, this approved master plan went through comprehensive revisions because of the rapidly changing socioeconomic conditions [15] . In 2007, the municipal government launched a new Master Plan (2007-2020), which has changed Nanjing's spatial pattern of development. Our study area covers the main city districts (six urban districts) and five suburban districts, with a total area of 4723 square kilometers (Figure 1 ). With 80% of the total population dwelling in the urban area in 2013, the total area of urban land was 1519 square kilometers, which accounted for 83% of the whole municipality. 
Data Collection and Methods
The land use data are mainly collected based on four Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper plus (ETM+) images of July 1995, May 2001, August 2007, and August 2013 (Path: 120, Row: 38). The reason why we chose these four years is that the urban master plan in Nanjing was revised in 2001 and 2007 [15] indicating the significant change of urban spatial structure and land use, and the stages of socio-economic development can also be similarly divided [18] . Other data were provided by the Nanjing Bureau of Statistics, Nanjing Bureau of Land Resource Administration, Nanjing Urban Planning Bureau, and Environmental Protection Department of Jiangsu Province. These data include a digital evaluation map of 30 m resolution acquired from the official website of the U.S. Geological Survey (USGS), the distribution maps of important ecological areas and geological disaster-prone areas, the main roads in Nanjing, and the population census. 
The land use data are mainly collected based on four Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper plus (ETM+) images of July 1995, May 2001, August 2007, and August 2013 (Path: 120, Row: 38). The reason why we chose these four years is that the urban master plan in Nanjing was revised in 2001 and 2007 [15] indicating the significant change of urban spatial structure and land use, and the stages of socio-economic development can also be similarly divided [18] . Other data were provided by the Nanjing Bureau of Statistics, Nanjing Bureau of Land Resource Administration, Nanjing Urban Planning Bureau, and Environmental Protection Department of Jiangsu Province. These data include a digital evaluation map of 30 m resolution acquired from the official website of the U.S. Geological Survey (USGS), the distribution maps of important ecological areas and geological disaster-prone areas, the main roads in Nanjing, and the population census.
We processed the data in the following ways. Four cloud-free and less cloud coverage (less than 10%) images were firstly obtained to constitute the whole temporal sequence of the land use change. Then the geometric and atmospheric correction was implemented by ENVI 5.0 (Exelis Visual Information Solutions: Boulder, CO, USA), and the object oriented interpretation method was employed to generate land cover maps. Validated with the data of second national land use survey, five categories (i.e., construction land, agricultural land, forest and grass, water body, and unused land) were included in the land use maps. A total of 87 land cover samples collected from field campaigns using Global Positioning System (GPS), combined with 182 random samples generated from the visual interpretation were selected for accuracy assessment. The total accuracy and Kappa coefficient are 84% and 0.88, respectively (Figure 2 ). Second, we used ArcView software to calculate the time costs from each grid to the destinations, including the central business district (CBD), three sub-centers, two railway stations, 42 highway exits, 14 important development zones (DZs), two river ports, and Lukou International Airport. Third, we estimated the population of each grid by calculating its share of urban and rural land in the towns and sub-districts, in which we also separated the population into urban and rural parts based on their household characteristics. We processed the data in the following ways. Four cloud-free and less cloud coverage (less than 10%) images were firstly obtained to constitute the whole temporal sequence of the land use change. Then the geometric and atmospheric correction was implemented by ENVI 5.0 (Exelis Visual Information Solutions: Boulder, CO, USA), and the object oriented interpretation method was employed to generate land cover maps. Validated with the data of second national land use survey, five categories (i.e., construction land, agricultural land, forest and grass, water body, and unused land) were included in the land use maps. A total of 87 land cover samples collected from field campaigns using Global Positioning System (GPS), combined with 182 random samples generated from the visual interpretation were selected for accuracy assessment. The total accuracy and Kappa coefficient are 84% and 0.88, respectively (Figure 2 ). Second, we used ArcView software to calculate the time costs from each grid to the destinations, including the central business district (CBD), three sub-centers, two railway stations, 42 highway exits, 14 important development zones (DZs), two river ports, and Lukou International Airport. Third, we estimated the population of each grid by calculating its share of urban and rural land in the towns and sub-districts, in which we also separated the population into urban and rural parts based on their household characteristics. Considering scale dependence, the grid size used in this study is determined by an empirical formula, namely based on the quantity of sampling points, and the quantity of grids is roughly equivalent to half of the sampling points. This paper takes the quantity of construction land patches Considering scale dependence, the grid size used in this study is determined by an empirical formula, namely based on the quantity of sampling points, and the quantity of grids is roughly equivalent to half of the sampling points. This paper takes the quantity of construction land patches as the sampling points, and the quantity of construction land patches in the four years is around 10,000. After debugging and selecting 1 km × 1 km grids multiple times, we generated around 5100 units of analysis in total, and carried out the representative of the changes in the proportion of construction lands for each grid unit in 1995-2001, 2001-2007, and 2007-2013, respectively. According to Tobler's First Law of geography, everything is related to others, and near things are more related than distant ones [20] [21] [22] . Namely, for data with geographical space attributes, it is generally considered that a closer relationship exists between nearer variables than between spatially longer-distance variables [23] . The spatial effect expressed by spatial autocorrelation may be characterized and depicted with two models. One is the spatial error model (SEM) that shall be employed when the error terms of a model are spatially correlated. The other one is the spatial lag model (SLM) that will be functional when the spatial dependence between variables seems to be very critical for a model and induces spatial autocorrelation [24] .
Accordingly, spatial econometrics the traditional OLS regression model (Equation (1)) can be improved using a spatial weight matrix, which represents the specific spatial links among spatial units [25] .
Thus the SEM model (Equation (2)) and the SLM model (Equation (3)) can be specified as the following:
where Y is an N × 1 vector of observations on the random variable. X is an N × M vector of observations on explanatory variables. W is an N × N spatial weight matrix, and WY denotes a spatially lagged dependent variable. ρ is a spatial autoregressive coefficient, and ε is a vector of independent identically distributed (i.i.d.) random error term. λ denotes the spatial autocorrelation coefficient, which measures the spatial dependence function in a sample observation value, namely the direction and degree of influence of a neighboring area's observed value Y on a local area's observed value Y. ξ is an i.i.d. well-behaved error. Empirically, it is necessary to determine which spatial model is more suitable for objective facts according to certain judgment criteria. If it is discovered in the inspection of spatial dependence that Lagrange Multiplier (LM) against a spatial lag alternative (LM lag ) is more significant than LM error , and Robust LM lag is significant while Robust LM error is insignificant, then it may be judged that the appropriate model is SLM. On the contrary, if LM error is more significant statistically than LM lag , and Robust LM error is significant while Robust LM lag is insignificant, it may be concluded that the SEM is the appropriate model [26] .
Conceptual Framework and Statistical Models
Conceptual Framework and Determining Factors
The urban and rural benefit gap is usually considered the main driver of the conversion from agricultural land to nonagricultural land [5] . The conversion would not happen until the marginal revenue of urban land use surpasses that of agricultural land [27] . Harvey [28, 29] also highlighted the operation mechanism of capitalist urbanization from the process of capital accumulation and pointed out that urban land expansion is the result of capital investment aspiring after profit maximization. Similarly, both the cost and benefit elements of different land use types will finally contribute to the urban land expansion. That is to say, the changes of the benefits brought by and the costs needed for the conversion from agricultural to urban land use are the common immediate determinants for urban land expansion (Figure 3 ).
Both the parcel and neighboring conditions of the land use parcel have effects on the benefits of urban land use change. The parcel-condition mainly denotes the scale economy for land development activities [30] . The scale economy highly depends on the area of land available, and more available land leads to higher scale benefit from development [10, 31] . On the other hand, the neighboring condition is mainly related to agglomeration economies [32] . The development of neighbors will certainly induce the local expansion of urban land [33] . In addition, urban planning has always been closely associated with urban land expansion in developing socialist countries [15, 34] .
Similarly, the costs of urban land development also are linked to both the parcel and neighboring conditions of land parcels. The most important factor is the geological features of land use, including slope, elevation, and other physical conditions [10] . Another important factor impacting the development of urban land is the accessibility to urban commercial and industrial centers, and the proximity to transportation infrastructure [10, 11] . The change in the traffic and transportation condition is a major explanatory variable which explains the increase of urban land demand [35] . With the diversifying of urban functions, the commercial and industrial activities tend to locate at different geographical spaces in the urban areas, which significantly induced the expansion of both the residential and industrial land in or around the city proper [3, 36] . Both the parcel and neighboring conditions of the land use parcel have effects on the benefits of urban land use change. The parcel-condition mainly denotes the scale economy for land development activities [30] . The scale economy highly depends on the area of land available, and more available land leads to higher scale benefit from development [10, 31] . On the other hand, the neighboring condition is mainly related to agglomeration economies [32] . The development of neighbors will certainly induce the local expansion of urban land [33] . In addition, urban planning has always been closely associated with urban land expansion in developing socialist countries [15, 34] .
Similarly, the costs of urban land development also are linked to both the parcel and neighboring conditions of land parcels. The most important factor is the geological features of land use, including slope, elevation, and other physical conditions [10] . Another important factor impacting the development of urban land is the accessibility to urban commercial and industrial centers, and the proximity to transportation infrastructure [10, 11] . The change in the traffic and transportation condition is a major explanatory variable which explains the increase of urban land demand [35] . With the diversifying of urban functions, the commercial and industrial activities tend to locate at different geographical spaces in the urban areas, which significantly induced the expansion of both the residential and industrial land in or around the city proper [3, 36] . Furthermore urban land expansion in China is also sensitive to the land use policies imposed by both the central and local states [37, 38] . Particularly, the central government has introduced the "National New-type Urbanization Plan" (NNUP) and the notion of "Beautiful China", which aim to improve ecological protection. Hereafter, the protection of natural environment has aroused increasing attention from politicians and academics [2, 39, 40] . Restricting development in a delimited reserve area is a major approach for the government to spatially implement environmental protection. Similar to the function of urban planning, the development in reservation areas is restricted by the government, which will face a series of punishments and a relatively high system cost [41] .
Explanatory Variables and Statistical Models
Stemming from the theoretical analysis and conceptual framework (Figure 3 ), we employed a total of six factors and 16 variables denoting the benefit and cost of urban land development respectively in our study (Table 1) . First, three variables including developed urban land (UL), undeveloped arable land (AL), and water body (WB) were used to capture the scale economy. As shown in Figure 4 , the developed area decreases progressively from the city center, to major new towns and development zones (DZs), and to the periphery. The arable land is mainly distributed in the north of the Yangtze River and Jiangning District, which implies the potential area for further expansion. Furthermore urban land expansion in China is also sensitive to the land use policies imposed by both the central and local states [37, 38] . Particularly, the central government has introduced the "National New-type Urbanization Plan" (NNUP) and the notion of "Beautiful China", which aim to improve ecological protection. Hereafter, the protection of natural environment has aroused increasing attention from politicians and academics [2, 39, 40] . Restricting development in a delimited reserve area is a major approach for the government to spatially implement environmental protection. Similar to the function of urban planning, the development in reservation areas is restricted by the government, which will face a series of punishments and a relatively high system cost [41] .
Stemming from the theoretical analysis and conceptual framework (Figure 3 ), we employed a total of six factors and 16 variables denoting the benefit and cost of urban land development respectively in our study (Table 1) . First, three variables including developed urban land (UL), undeveloped arable land (AL), and water body (WB) were used to capture the scale economy. As shown in Figure 4 , the developed area decreases progressively from the city center, to major new towns and development zones (DZs), and to the periphery. The arable land is mainly distributed in the north of the Yangtze River and Jiangning District, which implies the potential area for further expansion. Second, as urban land expansion is also closely related to neighborhood development, we employed two neighborhood variables encompassing number of construction dominated grids (NCL) and distance to the nearest construction core (Dis2NC) as the proxy of neighboring conditions ( Figure 5 ). Third, considering the urban spatial structure, we manually divided the accessibility element into internal and external ones ( Figure 6 ). The internal indexes mainly include the distance to Xinjiekou (Dis2CBD), distance to three secondary business centers (namely Dongshan, Xianlin, Jiangbei) (Dis2SUB), and the largest DZs (Dis2DZ). The extra accessibility element considers the important traffic nodes such as entrances and exits of highways (Dis2HW), railway stations (Dis2RW), airports (Dis2AP), and river ports (Dis2RP). Fourth, we employed the slope (SL) and elevation (EL) as physical characteristics of grids. It can be seen from Figure 7 that poor topographic and geological conditions are concentrated in the major mountains and their surrounding areas [13] . In terms of urban planning (UP), there are also considerable differences in the orientation of urban development among the three study periods with the same ecological protection (ECO) areas (Figure 8 ). , we have discovered that relatively strong correlations exist in the four variables of three study periods, namely the distance to railway station (Dis2RS), the distance to river port (Dis2RP), the distance to airport (Dis2AP), and the distance to central business district (Dis2CBD). Thus to avoid the problem of multicollinearity, we divided all of the explanatory variables into models for regression, respectively. Based on the spatial dependence analysis in Table 2 , the Spatial Lag Model (SLM) and Spatial Error Model (SEM) were employed to model the mechanisms of urban land expansion in different periods, respectively. Meanwhile, in order to eliminate the influence of the explanatory variable dimension on analysis, we have executed range standardization of explanatory variables according to the research of Cohen et al. [42] 
Results
Mechanism of Urban Land Expansion in Nanjing
In association with the aforementioned results of spatial dependence analysis, the underlying mechanism of urban land expansion in Nanjing is examined by applying the SLM/SEM considering both the cost and benefit of land development activities. As Table 3 reports, urban land expansion in Nanjing is sensitive to both the cost and benefit factors. The mechanism of cost-benefit system varies across time and indictors.
With respect to the economy of scale, the coefficient of developed urban land (UL) was significantly negative as expected before 2007, indicating that a certain scale was required for construction and development at an early stage of urban development. This can be interpreted as that larger scale of developed urban land means less space for new expansion, namely a relatively lower economy of scale for urban land development. However, with the rapid economic growth and dramatic urban expansion occurring over two decades, less undeveloped land remained either in or surrounding the urban areas, which consequently led to an insignificant negative coefficient of UL in the last six years from 2007 to 2013. Note: *** Significant at 0.01 level; ** Significant at 0.05 level; * Significant at 0.1 level.
The coefficient of arable land (AL) was significantly positive, implying that urban land expansion in Nanjing is widely depending on the conversion of agricultural land uses before 2007, which is similar to Luo and Wei's findings [11] and with the aforementioned negative correlation between the developed urban land (UL) and expansion. Thereafter, the coefficient of AL becomes insignificant, reflecting that cities in China changed the growth trajectories with the increasing tight control over the quotas of the conversion of cultivated land to non-agricultural use [5, 43] . In general, the urban expansion is constrained by the water body (WB) significantly, which can be interpreted as that the development of the area with more water body requires more technical and economic cost [10] . Following the theory of agglomeration economies, the number of construction land dominated grids (NCL) in the neighborhood encourages urban land expansion before 2007. It indicates that land development in urban China, particularly in Nanjing, has been influenced by the density of the construction sites [10] . In contrast, the distance to construction land cores (Dis2NC) did not have a significant influence, which is consistent with the findings by Oueslati and others [44] .
Characteristics of Accessibility Variables
We found some other interesting points based on the coefficients of accessibility variables. Except for the distance to sub-centers (Dis2SUB) and the distance to development zones (Dis2DZ), all the accessibility variables had significantly negative effects on urban land expansion from 1995 to 2001. In the following two periods, external variables including the distance to highway (Dis2HW), railway (Dis2RS), airport (Dis2AP), and river port (Dis2RP) became insignificant or unexpected, while the impact of internal accessibility variables encompassing the distance to sub-centers (Dis2SUB) and development zones (Dis2DZ) increased as expected. The distance to central business district (Dis2CBD) has a weaker impact on urban land expansion in the recent period with the constant outward spreading of urban space [44] . The finding also confirms that the urban growth in Nanjing is driven by infrastructure development in the earlier stage, while since entering the 21st century, the emerging commercial and industrial sub-centers have become the major patterns of growth, which has changed Nanjing's spatial structure from a compact monocentric to a polycentric one [18, 45, 46] .
Impact of Ecological Protection Areas on Urban Land Expansion
In terms of the geological features, neither elevation (EL) nor slope (SL) had a significant influence on urban land expansion in Nanjing, because the difference of topographical conditions in Nanjing is not huge enough to result in a similar pattern of urban land expansion in terms of the geological conditions [47] . This result suggests that urban development in Nanjing is less influenced by the land suitability measured by slope than other Chinese cities such as Dongguan where the average geological features are better [10] .
The influence of ecological protection areas (ECO) on urban land expansion is significantly negative in 1995-2001. However, the ecological policy gradually lost its functions in 2001-2007 with the increasing pressure of urban growth. Fortunately, there has been a reemphasis at the national level to strengthen ecological civilization construction in recent years [48, 49] . Nanjing has delimited 78 important ecological areas including the prohibited development areas and restricted development areas [50] , which consequently led to the recovery of the significant influence of ECO on urban land expansion in 2007-2013. This result suggests that the urban expansion in Nanjing is, in general, constrained by the strategy of urban sustainable development (SUD), which is in line with the requirements of NNUP, the first outline of China's urbanization plan issued in March 2014 [3, 40] .
Relation between Planned Areas and Urban Land Expansion
In addition to the restrictive policy, the proportion of planned areas (UP) presented a positive correlation with the urban land expansion. After the rapid expansion from 2001 to 2007, the coefficient of UP gradually increased and became more significant, which indicates that urban planning had a much greater impact on urban growth in Nanjing. This is contradictory with the findings of Qian [15] and He and others [24] who found that fiscal decentralization and political centralization have made local governments the leaders of land development. This finding is also contradictory to the study conducted by Zhu [51] , focusing on the relationship of land use right and urban development in the early 1990s. The findings also suggest that the function of the market in recently developed cities like Nanjing is generally restricted by multiple urban plans. In addition, the management of China's urban land is mainly restricted by two spatial planning systems, namely the urban master planning and land use planning [52] . The adoption of the urban master plan is generally a bottom-up procedure, while the land use plan has a top-down style. The difference of these two spatial plans consequently induced the dilemma of the under-development of the urban master plan and the over-development of the land use plan.
Conclusions
China has been experiencing tremendous urban land expansion or land urbanization [24] . Such expansion is often accredited to urbanization, industrialization, and economic transition in China [4, 7, 53] . The existing literature tends to focus on the patterns and mechanisms of urban land expansion, following the neoclassical "demand-side" perspective [11] , but deemphasizing the fact that both the cost and benefit factors have important impacts on urban growth. This study examines urban land expansion in globalizing Nanjing by highlighting the cost and benefit of land development.
We found that urban land expansion in Nanjing is highly related to the benefit factors of agglomeration and scale economy, and the cost factors of proximity/accessibility and geological features, as well as the policies of urban master plans and ecological protection. By applying the spatial lag (SLM) and spatial error (SEM) models, the spatial determinants of urban land expansion in Nanjing between 1995 and 2013 were detected. Results indicate the importance of the cost and benefit factors in determining urban land expansion. Furthermore, the distance to CBD was found to have a significantly decreasing and negative effect on the urban land expansion in Nanjing, while the negative effect of distance to sub-centers and development zones increased in the study periods. This study indicates that emerging commercial and industrial sub-centers play a significant role in urban development.
Taking the roles of land use policy and urban planning into consideration, we have found that urban land expansion is sensitive to government policies of urban planning and ecological protection. Though scale economy and agglomeration had significant influences on the land development in the earlier stage of urban growth, the urban government rather than the local market is still the leader of urban growth in those second tier cities like Nanjing. This result indicates the dominance of the top-down process of land development in Nanjing, which is quite different from the bottom-up trajectories of other cities in the Yangtze River Delta (YRD) and the Pearle River Delta (PRD) [10, 52, 54] .
This study underscores the potential of employing spatial autocorrelation analysis methodologies such as spatial lag/error models (SLM/SEM) to understand underlying mechanisms of urban land expansion. Applying advanced geospatial techniques such as spatial regime models [6] , geographically and temporally weighted regression (GTWR) [3, 55] , and spatial panel models [56, 57] have the potential to generate more insights into the trajectories of urban development in China.
The Nanjing case has also demonstrated that the cost-benefit framework is an appropriate conceptual tool for analyzing urban land expansion in Chinese cities by addressing parcel and neighborhood conditions, as well as government policies. In terms of limitations, since Nanjing exemplifies the rapidly growing coastal cities in China [19] , the institutional and structural changes in Nanjing are not only somewhat different from those leading metropolises in the coastal regions, but also vary from the majority of inland cities [9] .
